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   Proton transporting membranes have been among the fundamental materials supporting 
a variety of modern electrochemical devices and sensors. The most frequently used one is 
Nafion®. The Nafion films have found many applications for proton transportation, energy 
storage, energy conversion, and catalytic reaction media.  
   A Nafion film immersed in water has a phase-separated structure composed of a micro 
water-phase and a perfluoroalkyl-phase. The water phase is in a hydrophilic ionic channel 
as a microscopic water-domain surrounded by walls with condensed sulfonate groups of the 
side chains. The perfluoroalkyl-phase is a bulk region composed of perfluoroaklyl chains of 
Nafion. Because of the characteristic water-phase micro-network structures, chemical 
micro-environment in a Nafion film has a specific electrostatic and hydrated nature. Studies 
on the basis of the two-phase framework model with the water-phase and 
perfluoroalkyl-phase were extensively conducted through various approaches from a 
viewpoint of micro-structures of hydrated Nafion films. Using the results of spectroscopic 
measurements of hydrated Nafion films by X-ray reflection and scattering and neutron-ray 
diffraction, a variety of nanoscopic and mesoscopic structure models have been proposed.  
   The spectroscopic methods frequently have difficulty in gaining a better insight into the 
micro-phase structures in the hydrated Nafion films. On the other hand, analytical methods 
using redox probes can attain in-situ observation of chemical micro-environments in the 
hydrated Nafion films. Viologens as redox probes uncovered the ionic channel sizes in 
Nafion films from the diffusion and dimerization processes of the probes. Viologens 
exhibited superior molecular probe features, because they have reversible electrochemical 
activity. Both oxidized (V2+) and one-electron reduced (V•+) forms are cationic species 
possessing affinity to the anionic sulfonate groups in the ionic channel of Nafion. Strongly 
colored nature of V•+-forms enables us to follow the state of viologen by visible 
spectroscopies. To our best knowledge, however, redox probes have been restricted so far to 
cationic and hydrophilic ones, which are perfluoro-repulsive. This has limited the 
obtainable properties of the micro-environments in Nafion. To shed light in more depth of 
the ionic channels, the use of a probe having a perfluoroalkyl affinity should be meaningful. 
 
   The aim of this study is at the exploration of the microenvironment of Nafion using 
viologens, including a newly synthesized perfluorinated viologen, as redox probes. I used 
the results of electrochemical and electroreflectance (ER) spectral measurements to describe 
the behavior of the viologens in the Nafion film and at the electrode/organic 
monolayer/Nafion interface. 
   This thesis consists of seven chapters. Introduction to this doctoral dissertation research 
is given in Chapter 1. Chapter 2 is a review of the nature of fluoroalkylation and 
perfluorinated sulfonic-acid ionomer. Chapter 3 details experimental methods. 
   In Chapter 4, I have analyzed phase separation structures in the Nafion film using the 
new redox probe bearing short fluoroalkyl chain, N,N’-di-(1H,1H,2H,2H-perfluorobutyl) 
-4,4’-bipyridinium dichloride (FC4VFC4) with an intension to introduce interaction with 
fluoroalkyl region of Nafion film. First, the effect of fluorination of viologen on the aqueous 
solution electrochemistry was investigated using voltammetric measurements and DFT 
computations. The formal potential of one-electron transfers redox couple, viologen radical 
monocation/dication, became 128 mV less negative upon fluorination, and the diffusion 
coefficient of the oxidized form was lowered by ca. 12%. Calculations indicated that the 
shift of the formal potential is largely caused by strong electron-withdrawing nature of the 
perfluorinated groups despite a separation of (CH2)2 from the viologen core. The effect is 
counter balanced by an opposite but smaller effect from the change of solvation free energy 
due to perfluorination.  
In Chapter 5, the electrochemistry of FC4VFC4 in a Nafion film on an Au electrode has 
been investigated. The capability of FC4VFC4 were highlighted as a redox-active probe for 
chemical micro-environments of the separated phases in the Nafion film by clarifying the 
difference of its electrochemical behavior from that of its alkyl analog, dibutyl viologen 
(C4VC4). The strongly concentration-dependent time change revealed the formation of an 
aggregate of FC4VFC4 in the ionic channels in the Nafion® film. The aggregate blocks its 
own redox reaction at higher solution concentrations than 10 M, although FC4VFC4 
exhibited a quasi-reversible response at 5 M. In contrast, C4VC4 showed a 
quasi-reversible response in the range from 5 M to 500 M. The time dependent change of 
ER spectra was used to take a close look at the proximity of the electrode|Nafion interface.  
   In Chapter 6, I focused on the interfacial structure between Nafion and self-assembled 
monolayer (SAM) on a Au electrode. I used SAMs possessing various terminal groups and 
unveiled the relationship between SAM surface properties and Nafion structure on the basis 
of the observation of the electrochemical behavior of methyl viologen.  
In Chapter 7, I summarized the thesis and described the perspectives on the chemical 
micro-environments of Nafion films obtained in this thesis study. 
